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Long-term performance of high-stiffness repairs
in highway structures
P. S. Mangat and F. J. O'Flaherty
Sheffield Hallam University
This paper presents the results of field monitoring of repair patches in two reinforced concrete highway bridges,
Lawns Lane Bridge on the M1 and Gunthorpe Bridge across the River Trent. The repairs were applied by spraying
(guniting) repair materials to compression members of the bridges. The structural members were unpropped during
repair and throughout the 60 week monitoring period. The strains in the repair patches were monitored with
vibrating-wire gauges. Four different repair materials were investigated whose elastic modulus was greater than
that of the substrate concrete ( Erm . Esub). The results show that efficient repairs are achieved with Erm . Esub, the
optimum relationship being Erm . 1:3Esub. This enables the repair material to shed a significant proportion of its
shrinkage strain to the substrate, thereby reducing restrained-shrinkage tension. It also enables the repair to attract
externally applied load from the substrate in the long term. The effect of creep and shrinkage on the performance of
the repair patch is also determined. Overall, the results show that current repair standards have limitations with
respect to repair material specifications.
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Introduction
Current standards for repair material specifications
(e.g. Department of Transport
1
) do not take into ac-
count in any significant quantitative manner the mis-
match in basic material properties such as elastic
modulus, shrinkage and creep, and particularly their
effect on long-term performance and composite action
of the repair patch with the substrate. Emphasis is
normally given to short-term properties such as the 28
day strength, bond strength and early-age shrinkage.
These properties, although important in their own right,
do not give a reliable indication of the long-term per-
formance of the repair and the efficiency of its compo-
site action with the substrate.
Studies show that compatibility between the repair
material and substrate concrete with respect to volume
change (shrinkage and creep) is important for preven-
tion of cracking.
2,3
Commercially available repair mate-
rials, however, are generally prone to substantial
shrinkage strains despite claims often made by manu-
facturers about some products being shrinkage-
compensated!
4,5
Many commercial repair materials are
based on polymer latex formulations and are prone to
relatively high creep.
5,6
Such materials display stress±
strain relationships which develop excessive deforma-
tions at higher levels of stress, which are incompatible
with the deformation sustained by substrate con-
cretes.
5,6
The composite action of such materials with
the substrate will be inefficient.
The compatibility between the repair material and
substrate concrete is affected by dimensional deforma-
tion along with physical, chemical and electrochemical
properties.
7
Dimensional compatibility is responsible
for structural interaction and crack prevention.
2,3
The
material properties responsible for dimensional compat-
ibility are shrinkage, thermal expansion, creep and
modulus of elasticity. The properties of repair systems,
however, change with time.
3±5
It has been recom-
mended
7
that the modulus of elasticity of a repair
material should lie within the range 10 N=mm2 of the
substrate concrete. The findings of the authors' re-
search presented in this paper and elsewhere contradict
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this recommendationÐin particular, as this recommen-
dation permits the use of lower-modulus repairs relative
to the substrate. It has also been recommended that
good resistance to cracking should be achieved by
selecting repair materials of low drying shrinkage, ther-
mal expansion and elastic modulus whereas the tensile
strength and creep should be as high as possible.
3
The
negative impact of these recommendations on the load-
sharing capability of repairs is verified in this paper
and elsewhere.
8
It has also been stated that the func-
tions performed by a repair will vary from one situation
to another.
9
The two principal functions are structural
(stress carrying) and cosmetic (restoration of appear-
ance). The properties required of a material to satisfy
structural or cosmetic needs are quite different and may
in some instances be completely opposite. The problem
of the choice of suitable properties is not solved by
seeking those closest to the values of the substrate con-
crete.
10
It is generally recognized that the restraint provided
by the substrate concrete (and the steel reinforcement)
to the free shrinkage of the repair patch can cause
tensile cracking. However, there is no information
available in the current literature about the optimal
relationships between repair and substrate properties
which allow effective redistribution of repair material
shrinkage into the substrate, thereby reducing re-
strained-shrinkage tension. Similarly, there is no knowl-
edge about the capacity of repair patches to attract
externally applied loads from a substrate of structural
members. The optimal relationships between material
properties (repair and substrate systems) which are
required to provide effective composite action need to
be quantified. The research reported in this paper iden-
tifies the key parameters and quantifies their relation-
ships to provide effective stress redistribution during
the shrinkage and external-load-transfer stages of the
repair patch.
This paper presents part of a wide-ranging research
project concerned with the long-term performance of
repairs in highway bridges. Structural members of three
bridge structures were repaired and instrumented for
long-term monitoring. Two categories of repair materi-
als with Erm . Esub or Erm , Esub were investigated.
Most repair materials were commercially manufactured
products. Repairs were applied either by hand, by
spraying or by placing flowing materials under a pres-
sure head. Both propped and unpropped members of
the bridge structures were subjected to repair. This
paper is focused on spray-applied repairs to unpropped
bridge members using materials with Erm . Esub.
Experimental
Highway bridges repaired and monitored
In situ sprayed-concrete repairs were carried out on
typical structural members of two highway bridges
which were deteriorating owing to reinforcement corro-
sion. The two bridges were Lawns Lane Bridge, near
Wakefield in West Yorkshire, carrying part of the M1
south of junction 42, and Gunthorpe Bridge, carrying
the A6097, in Nottinghamshire. Each structure was
maintained in an unpropped state during the repair
operation. Lawns Lane Bridge is a three-span rein-
forced concrete bridge which carries a part of the M1
between junctions 41 and 42. It was built in the mid-
1960s and consists of in situ deck panels supported by
prestressed beams, all of which are carried by rein-
forced concrete piers and abutments. Gunthorpe Bridge
is a three-span reinforced concrete arch bridge spanning
the River Trent at Gunthorpe, Nottinghamshire. It was
built in 1927 to replace an old iron toll bridge owing to
an increase in the heavy traffic using the bridge. The
central arch in the bridge spans 38´1 m while the two
side arches span 30´9 m. Each arch contains four ribs.
Location and strain monitoring of repair patches
Five repair materials were applied by spraying (gu-
niting) to the piers and abutment of Lawns Lane Bridge
(Fig. 1). Three of these repair materials (materials L2,
L3 and L4), which had an elastic modulus Erm greater
than the elastic modulus of the substrate concrete Esub,
are considered in this paper. Material L2 was applied
on the east face of the north-west pier (Fig. 1(a)).
Repair patches of materials L3 and L4 were applied on
the north abutment (Fig. 1(b)).
Three repair materials, G1, G2 and G3, were applied
by spraying at Gunthorpe Bridge. Only one material
(material G1), which had an elastic modulus greater
than that of the substrate concrete, is considered in this
paper. Fig. 2 shows the location of repair patches on
the south abutment at Gunthorpe Bridge. The area of
each repair patch was approximately 1:8 m 3 2:3 m
with a depth of approximately 140 mm.
The piers and abutments at Lawns Lane and
Gunthorpe Bridge were reinforced with horizontal and
vertical reinforcement. At Lawns Lane both the vertical
and the horizontal reinforcement comprised 20 mm dia.
high yield bars at 300 mm spacing. The vertical reinfor-
cement at Gunthorpe Bridge was 20 mm dia. plain bars
at 325 mm spacing; the horizontal steel was 6 mm dia.
links at 300 mm spacing. The deteriorated concrete was
cut to approximately 25 mm behind the reinforcement
bars to fully expose the steel before repair at both Lawns
Lane and Gunthorpe Bridges. The repair patch sur-
rounded the reinforcement bars and developed full bond
with them. The thickness of the abutment at Gunthorpe
Bridge exceeded 4´3 m and the overall dimensions in
elevation were 12:1 3 4:1 m. In comparison, the repair
patch dimensions were 1:8 3 2:3 m with 140 mm thick-
ness. Consequently, the size of the repair relative to the
substrate was very small and, therefore, the restraint
provided by the substrate was high. In the case of Lawns
Lane Bridge, the dimensions of the repair patches rela-
tive to the substrate were more significant.
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Vibrating-wire strain gauges (gauge length 140 mm)
were located in the repair patches at both Lawns Lane
and Gunthorpe bridges to monitor the long-term strain
distribution within the different phases of a repair patch
(substrate interface, steel reinforcement and repair ma-
terial). The gauge locations in a typical repair patch are
shown in Fig. 3. Three gauges were positioned in each
repairÐone attached to the cut-back surface of the
substrate at the interface with the repair (labelled `subs'
in Fig. 3), one welded to the steel reinforcement (la-
belled `steel') and one embedded within the body of
the repair material at equal distances from adjacent
reinforcing bars (labelled `emb' in Fig. 3).
The long-term redistribution of strain in the repair
patches was monitored by means of vibrating-wire
gauges, which operate on the principle that an increase
in the tensile strain causes a higher frequency of the
vibrating wire. The change in strain is given by the
expression
äå  k( f 21 ÿ f 22) (1)
where äå is the change in strain, k is the gauge con-
Fig. 1. Location of repair patches at Lawns Lane Bridge: (a) elevation of north-east and west piers; (b) elevation of north
abutment (not to scale)
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Fig. 2. Location of repair patches at Gunthorpe Bridge (south abutment) (not to scale)
High-stiffness repairs in highway structures
Magazine of Concrete Research, 1999, 51, No. 5 327
stant (3 3 10ÿ3), f 1 is the datum frequency (in hertz)
and f 2 is the frequency after the strain change (in
hertz). (A positive sign indicates a compressive strain,
i.e. shortening; a negative sign indicates a tensile strain,
i.e. elongation.)
The strain monitoring will continue for many years.
Data for the first 60 weeks of monitoring are presented
in this paper. An update providing more long-term data
will be published in due course.
Repair materials
The four repair materials considered in this paper
(L2, L3, L4 and G1) are commercially available and
are supplied as single-component systems requiring
only the addition of clean water on site. The basic
properties of the materials, such as elastic modulus,
shrinkage and creep, were determined in the laboratory.
The elastic modulus was determined at 28 days' age
according to BS 1881: Part 121.
11
The compressive
strength of the repair materials was determined using
100 3 100 3 100 mm cubes according to BS 1881: Part
116.
12
The shrinkage and creep of the repair materials
were determined on 100 3 100 3 500 mm prisms. The
test procedures are given in detail elsewhere.
4,5
Shrink-
age specimens were demoulded at 24 h after casting
and then exposed to an environment of 208C, 55%
relative humidity (RH) throughout the shrinkage mon-
itoring period. The prism specimens for creep tests
were cured in water (at 208C) for 28 days after casting.
They were then loaded in standard creep rigs
4,5
main-
taining a constant compressive load equivalent to a
stress/28 day cube strength ratio of 30%. Typical prop-
erties of the repair materials and the substrate concrete
are given in Tables 1 and 2. The substrate concrete
properties were determined according to BS 1881: Part
121 using cores of 100 mm dia. 3 180 mm depth,
which were drilled from the bridge elements.
Material L2 is a polymer-modified repair mortar
designed for machine application using the dry spray
Fig. 3. Position of vibrating-wire strain gauges within a typical repair patch: (a) elevation of a repair; (b) section through a
repair
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Table 1. Properties of repair materials and substrate concrete
Material Elastic modulus:
kN=mm2
Compressive strength:
N=mm2
Bridge
Substrate 23´8 42
L2 30´3 60 Lawns
L3 27´4 35 Lane
L4 29´1 60
Substrate 28´1 45 Gunthorpe
G1 31´1 60
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process. It is particularly suitable on large repairs to
reinforced concrete structures. The 28 day compressive
strength is 60 N=mm2, the density is approximately
2100 kg=m3 and the modulus of elasticity is 30´3
kN=mm2.
Material L3 is a repair mortar for general-purpose
use. It can be applied by the wet or dry spray process.
The material is based on Portland cement, graded ag-
gregates, special fillers and chemical additives. At a
typical water/cement ratio of 0´18, the 28 day compres-
sive strength is 35 N=mm2, the fresh density is
1850 kg=m3 and the elastic modulus is 27:4 kN=mm2.
Material L4 is a factory-blended material for dry
spray application. It contains Portland cement, silica
sand and admixtures including plastic fibres. The maxi-
mum aggregate size of the sand is 5 mm. The 28 day
compressive strength of the sprayed material at a water/
cement ratio of 0´35 is 60 N=mm2. The elastic modulus
is 29:1 kN=mm2.
Material G1 consists of rapid-hardening Portland ce-
ment (minimum content 400 kg=m3), 5 mm-maximum-
size graded limestone aggregate, silica fume and a
copolymer. The 28 day compressive strength is
60 N=mm2, the dry density is 2250 kg=m3 and the
elastic modulus is 31:1 kN=mm2.
Materials L2, L3 and L4 did not comply with the
current standard for repair materials according to the
specification of the Highways Agency, BD 27/86.
1
Ma-
terial G1 conformed to the standard.
Results and discussion
Actual distribution of strain
The distribution of strain with time in the different
phases of a repair patch is shown in Figs 4±7 for repair
materials L2, L3, L4 (Lawns Lane Bridge) and G1
(Gunthorpe Bridge). Datum readings of strain were
taken 24 h after the application of the repair (week 0
on the graphs) and the data are plotted at weekly inter-
vals. Figs 4±7 show that the strain in the substrate
concrete (`subs') increases rapidly during approxi-
mately the first 11 weeks after the application of the
repair. From week 11 to week 25 (approximately), the
strain in the substrate remains relatively constant. After
Table 2. Relative stiffness, free shrinkage and creep proper-
ties
Material Erm=Esub Shrinkage:
microstrain
Creep:
microstrain{
Bridge
L2 1´27 325 Not available
L3 1´15 710 748 Lawns
L4 1´22 782 510 Lane
G1 1´10 751 421 Gunthorpe
 Free shrinkage strain at 100 days, stored at 208C, 55% RH.
{ Compression creep, stress/strength 30%, 70 days under load.
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Fig. 4. Actual strain distribution in the repair patch of material L2 at Lawns Lane Bridge (tensile strain, negative; compressive
strain, positive)
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25 weeks an increase in the substrate strain with time is
again observed, until about week 47. From week 47 to
the end of the monitoring period (week 60) the sub-
strate strain remains relatively constant.
The strain profiles with time in the steel reinforce-
ment (`steel' gauge) and within the repair material
(`emb' gauge) during this period (weeks 0 to 60) are
fairly similar to the profiles for the substrate concrete
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Fig. 5. Actual strain distribution in the repair patch of material L3 at Lawns Lane Bridge
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Fig. 6. Actual strain distribution in the repair patch of material L4 at Lawns Lane Bridge
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but the magnitude of the strain is much lower in the
steel and repair material than in the substrate interface.
The repair patch at Gunthorpe Bridge with material G1
shows relatively constant strains in the steel and repair
material during the monitoring period (Fig. 7). This is
due to the fact that the dimensions of the abutment of
Gunthorpe Bridge were extremely large (12:1 3
4:1 3 4:3 m) relative to the repair patches and, there-
fore, provided more effective restraint to the shrinkage
of the repair material.
Period 0±11 weeks. The repair materials repre-
sented in Figs 4±7 have elastic moduli greater than
those of the substrate concretes (see Table 1). As the
stiffer repair materials exhibit shortening due to con-
tinuing shrinkage with time, compressive strain is
transferred into the less stiff substrate. This results in
an increasing compressive strain with time at the
interface with the substrate concrete (weeks 0±11,
Figs 4±7). This occurs after the repair material has
hardened and attained an elastic modulus greater than
that of the substrate. Most commercial repair materi-
als are relatively rapidly hardening and attain over
95% of the 28 day elastic modulus in less than 20
days.
13
The large surface area of contact at the re-
pair/substrate interface assists with the shrinkage
strain transfer from the stiffer repair material to the
substrate concrete. The rate of increase in the sub-
strate strain is steep during weeks 0 to 11, when most
of the shrinkage in the newly applied repair patch
takes place. The maximum `compressive' strain devel-
oped by the substrate at week 11 will be a function
of the relative elastic moduli of the repair and sub-
strate materials (the modular ratio) and of the free
shrinkage and creep of the repair material. These
properties are listed in Table 2. The relationship be-
tween the modular ratio Erm=Esub and the shrinkage
strain transfer to the substrate is discussed further in
a later section.
Compressive strain is also transferred by the shrink-
ing repair material to the steel reinforcement during
this period. However, the magnitude is much lower than
the strain transferred to the substrate concrete, owing to
the very high elastic modulus of the steel reinforce-
ment. The steel reinforcement within the compression
member lies in the same plane as the vibrating-wire
gauge embedded in the repair material (gauge `emb').
As a result, the longitudinal reinforcing bars which run
adjacent to either side of the embedded gauge provide
restraint to the shrinkage of the repair material. Conse-
quently, the strains recorded by the `emb' gauge are
much lower than the free shrinkage of the repair mate-
rials (see below, Figs 8±11). The contraction strains of
the repair material at the substrate interface level are
greater than those at the steel reinforcement level
(`emb' gauge level) since the restraint to shrinkage
provided by the reinforcement decreases with increas-
ing distance from the rebars. The restraint to shrinkage
provided by the substrate concrete is low since
Erm . Esub. The higher shrinkage of the repair material
at the substrate interface level than at the `emb' gauge
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Fig. 7. Actual strain distribution in the repair patch of material G1 at Gunthorpe Bridge
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level results in the strains recorded by the `subs' gauge
being much greater than those recorded by the `emb'
gauge.
Period 11±60 weeks. After approximately 11
weeks the strain transfer to the substrate concrete
reaches a stable state since shrinkage in the repair
material has virtually ceased. This stable period lasts
from week 11 to week 25 (Figs 4±7).
The next stage of redistribution of strain occurs from
weeks 25 to 47, when external load is attracted from
the substrate structure to the relatively stiffer repair
patch. This results in gradually increasing strain with
time both in the steel reinforcement within the repair
patch and in the repair material. The strain compatibil-
ity between the repair material and the substrate at the
interface also ensures an increasing strain at the sub-
strate interface during this period. The external load
transfer stage reaches a steady state at 47 weeks and a
constant strain is maintained thereafter at the substrate
interface and in the steel reinforcement.
Idealized distribution of strain
Figs 8±11 show simplified schematic distributions of
strain with time for the repair patches of materials L2,
L3, L4 and G1, respectively, based on the actual dis-
tributions of strain in Figs 4±7. The strains in the repair
material (`emb' gauge) and the steel reinforcement
(`steel' gauge) are averaged (owing to the assumed
strain compatibility at the reinforcement level) and pre-
sented as single profiles in Figs 8±11.
The distributions of strain with time in Figs 8±11
are represented as a series of straight lines with four
zones, namely Zone 1 (shrinkage transfer stage), Zone
2 (steady state 1), Zone 3 (external load transfer stage)
and Zone 4 (steady state 2). The idealized zones identi-
fied in Figs 8±11 are based on field data monitored
over 60 weeks in the piers and abutments of the two
bridge structures (Lawns Lane and Gunthorpe bridges).
Further monitoring will continue for some years. An
update of the present findings will be given as long-
term data become available, but initial indications are
that the idealized zones identified in this paper are
maintained and no new zones introduced. The zones
identified in Figs 8±11 apply to materials with
Erm . Esub. Repairs using materials with Erm , Esub do
not display these distinct zones, and shrinkage transfer
(Zone 1) and external load transfer (Zone 3) do not
occur in this case.
8
It is also possible that the idealized
zones may vary between different structural elements
and different bridge structures.
The cumulative strains obtained from Figs 8±11 at
the end of each zone are listed in Table 3. Referring to
Fig. 8 and Table 3, for repair material L2 the strain in
the substrate concrete at the end of Zone 1 (week 11) is
120 microstrain. This strain is assumed to remain con-
stant throughout Zone 2. The attraction of external load
into the repair patch during Zone 3 increases the strain
linearly to 300 microstrain at week 47. This strain
remains constant thereafter as the repair patch and
substrate concrete reach an equilibrium state. The strain
in the steel reinforcement within the repair patch
(`steel' gauge) and in the repair material between adja-
cent reinforcement bars (`emb' gauge) at the end of
Zone 1 and during Zone 2 is 7 microstrain. This in-
creases to 54 microstrain at the end of the external-
load-transfer stage (Zone 3). Data for repair patches
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Fig. 8. Simplified distribution of strain in the repair patch of material L2 at Lawns Lane Bridge
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made with the other materials are presented in a similar
form in Table 3.
Influence of modular ratio (Erm=Esub) on shrinkage
strain transfer to the substrate
The percentage of the free shrinkage strain of the
repair material transferred to the substrate interface, ë,
was calculated by dividing the strain Esub(shr) monitored
at the substrate interface (`subs' gauge) at week 11
(end of shrinkage transfer stage) by the free shrinkage
of the repair material Eshr(free) at the same age. The
values are given in Table 4. The free shrinkage of the
repair materials Eshr(free) was measured in the laboratory
on 100 3 100 3 500 mm size prisms which were stored
at 208C, 55% RH. The free shrinkage of the prisms at
100 days' age is given in Table 2, but in Table 4
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Fig. 9. Simplified distribution of strain in the repair patch of material L3 at Lawns Lane Bridge
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Fig. 10. Simplified distribution of strain in the repair patch of material L4 at Lawns Lane Bridge
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correction factors have been applied
14
to account for
the difference between laboratory and field conditions
(i.e. volume/surface ratio, temperature and humidity) as
outlined later.
The modular ratio m (Erm=Esub) is also given in
Table 4 for the repair patches incorporating materials
L2, L3 and L4 (Lawns Lane Bridge) and G1
(Gunthorpe Bridge). A graph of m versus ë is plotted
in Fig. 12, which shows a linear relationship with a
coefficient of correlation of 0´97. The best-fit equation
is
m  0:0032 ë 1 (2)
Rearranging equation (2) gives
ë  mÿ 1
0:0032
(3)
The range of experimental data in Fig. 12 which is
represented by equations (2) and (3) falls within the
limits 28 < ë < 88:
The value of m (from equation (3)) which yields the
lower limit of ë  28% is 1´1 (Fig. 12). The low degree
of shrinkage transferred to the substrate (ë) at m , 1:1
will result in higher restrained-shrinkage tension at the
interface and consequently a greater risk of cracking in
the repair. At the upper limit of ë  88% represented
by the experimental data in Fig. 12, the value of m
(from equation (3)) is 1´3. The free shrinkage trans-
ferred to the substrate (ë) approaches 100% as m ex-
ceeds 1´3. Therefore, the use of a relatively high-
stiffness repair material with m . 1:3 will ensure a very
high degree of free-shrinkage transfer to the substrate.
For example, the elastic modulus of the substrate con-
crete at Lawns Lane Bridge is 23:8 kN=mm2. There-
fore, a repair material with an elastic modulus Erm .
23:8 3 1:3 (i.e. 31 kN=mm2) would transfer most of its
free shrinkage to the substrate concrete. As a result, the
repair at the interface will develop negligible tension
and cracking will not be a problem.
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Fig. 11. Simplified distribution of strain in the repair patch of material G1 at Gunthorpe Bridge
Table 3. Cumulative strains developed in different stress
transfer stages
Material Location Strain at end of: microstrain
Zone 1
(week 11)
Zone 2
(week 25)
Zone 3
(week 47)
Zone 4
(week 60)
L2 `subs' 120 120 300 300
`steel'/`emb' 7 7 54 54
L3 `subs' 107 107 137 137
`steel'/`emb' 45 45 108 108
L4 `subs' 154 154 297 297
`steel'/`emb' 42 42 142 142
G1 `subs' 92 92 183 183
`steel'/`emb' ÿ9 ÿ9 ÿ4 ÿ4
 Negative values indicate tensile strains.
Table 4. Percentage of shrinkage strain of repair transferred
to the substrate concrete, ë
Repair
material
m (Erm=Esub) åsub(shr):
microstrain
åshr(free):
microstrain
ë:
%
L2 1´27 120 136 88
L3 1´15 107 210 51
L4 1´22 154 238 65
G1 1´10 92 329 28
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Tension in repair material due to restrained shrinkage
The free shrinkage of the repair material in the repair
patch, from week 0 to week 11, is plotted in Figs 8±11
along with the idealized strain distribution profiles of
materials L2, L3 and L4 (Lawns Lane Bridge) and G1
(Gunthorpe Bridge). The free-shrinkage data obtained
in the laboratory have been modified by applying cor-
rection factors (for volume/surface ratio, temperature
and humidity) to plot the free-shrinkage graphs in Figs
8±11.
14
The prism specimens (100 3 100 3 500 mm)
tested in the laboratory have a different volume/surface
ratio from the field repair patch. A higher volume/sur-
face ratio will contribute to lower shrinkage in the
repair patch and vice versa. Similarly, differences in the
laboratory temperature and humidity from the field
conditions will result in variations in shrinkage between
the repair patches and laboratory specimens. The non-
linear relationship between relative shrinkage and vo-
lume/surface ratio given by Kong and Evans
14
was used
to assess the shrinkage in the repair patch on the basis
of data obtained from laboratory specimens at 55%
RH. The relative humidity for the field concrete was
consistently higherÐat early ages the patch repairs
were cured under covered conditions, which resulted in
particularly high humidity. The correction for RH dif-
ferences was applied as follows:
14
2% decrease in
shrinkage for each 1% increase in RH to 70%; 3%
decrease in shrinkage for each 1% increase in RH from
70% to 90%. The temperature correction was applied
on the basis of a 1% decrease in shrinkage for each
degree Celsius fall in temperature.
14
The repair patch
temperature over the eleven-week shrinkage period had
an average value of 108C.
The magnitude of virtual tensile strain in the repair
material due to the shrinkage restraint provided by the
substrate concrete (at the interface) and the steel rein-
forcement is also shown in Figs 8±11. The values are
listed in Table 5. The virtual tensile strain causes ten-
sile stress in the repair material at the substrate/repair
and reinforcement/repair interfaces. The tension in Figs
8±11 (and Table 5) was determined as the difference
between the free shrinkage of the repair material and
the compressive (shrinkage transfer) strain in either the
substrate concrete or the steel reinforcement. For exam-
ple, the free shrinkage at week 11 of material L4 is 238
microstrain (Table 5). The strains monitored at the
substrate interface and in the steel reinforcement at
week 11 were 154 and 42 microstrain, respectively.
This gives virtual tensile strains in the repair material
of 84 and 196 microstrain at the interfaces with the
substrate and reinforcement, respectively. The corre-
sponding tensile stress in the repair material was
determined by multiplying with the elastic modulus
(Table 5).
The tensile stress at the interface increases incremen-
tally with continuing shrinkage of the repair material.
This tensile stress will lead to tensile creep and a
consequent relaxation of the tensile stress. The degree
of relaxation will depend on the creep property of the
repair material (Table 2) and the applied stress/strength
ratio. The tensile stresses shown in Table 5 are quite
high (in most cases) and, therefore, result in a high
stress/strength ratio and consequently high relaxation
due to creep. The tensile stresses listed in Table 5 are
only indicative values which represent the effect of
cumulative shrinkage at week 11. In reality, relaxation
due to incremental creep would occur continuously,
owing to gradually increasing shrinkage strain. In addi-
tion, any slip at the interface before the repair material
had fully hardened is not taken into account when
calculating the tensile stresses. Consequently the actual
tensile stresses in the repair patch are expected to be
significantly lower than the values listed in Table 5.
Material L3 has particularly high creep character-
istics (Table 2) and, therefore, undergoes very high
relaxation due to creep. This is verified by Fig. 9, for
Material L2Material L4
Material L3
Material G1
m 5 0.0032λ 1 1
(R2 5 0.968)
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Fig. 12. Relationship between modular ratio ( Erm=Esub  m) and percentage of free shrinkage transferred to the substrate
concrete
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material L3, which shows lower transfer of strain to the
substrate between weeks 11 and 60 compared with the
other repairs represented in Figs 8±11. Sufficiently
high levels of creep can ultimately reduce the effective
modulus of elasticity of the repair material to less than
Esub, thereby rendering it ineffective for shrinkage
transfer to the substrate.
The tensile stresses due to restrained shrinkage listed
in Table 5 are much higher at the reinforcement inter-
face. This suggests that the risk of tensile cracking
initiating at the reinforcement surface is much greater
than at the substrate interface. Table 5 also shows that
the tensile stresses induced in material G1 at Gunthorpe
Bridge are by far the greatest. This again confirms the
very high restraint provided by the abutment at Gun-
thorpe Bridge to the small-size repair patch.
All the repair materials represented in Figs 8±11
(and in Table 5) performed well under service condi-
tions during the 60 week monitoring period and no
cracking was observed in the repair patches of these
materials.
Schematic representation of strain redistribution with
time
A schematic representation of the long-term strain
redistribution in the repair and substrate materials of a
repaired compression member is given in Fig. 13, on the
basis of the observations from the experimental results.
A repair material with an elastic modulus Erm greater
than that of the substrate (Esub) is considered. The effect
of steel reinforcement is omitted for simplicity and to
aid clarity. Fig. 13(a) shows a cross-section through an
unpropped compression member before the deteriorated
patch was removed. Fig. 13(b) shows the same section
after the removal of the deteriorated patch. Fig. 13(c)
shows the cross-section after the application of the re-
pair (weeks 0 to 11, shrinkage transfer stage).
Shrinkage transfer stage (weeks 0 to 11, Zone
1). During weeks 0 to 11, the stiffer repair material
(Erm . Esub) shrinks incrementally and transfers a
proportion of its shrinkage strain to the substrate con-
crete. The resulting idealized distribution of strain (on
an exaggerated scale) is shown in Fig. 13(d). Strain
compatibility at the substrate/repair interface is main-
tained and the strains towards the free face of the
repair gradually increase owing to decreasing restraint
by the substrate. The strain profile described above is
not entirely compatible with the data plotted in Figs
4±7, owing to the omission of the steel reinforcement
in the schematic representation (Fig. 13) for the sake
of simplification. Inclusion of the steel reinforcement
and taking account of its restraint to the shrinkage of
the repair material in its vicinity provides satisfactory
agreement between the field data (Figs 4±7) and the
schematic representation (Fig. 13(d)). The shrinking
repair material with Erm . Esub will deform a zone of
the substrate in the proximity of the interface (Fig.
13(d), `zone of influence'). The resulting compressive
strain will be maximum at the substrate interface and
gradually reduce to zero at the end of the `zone of
influence'. The shrinkage transfer to the substrate will
result in low compressive stress relative to the com-
pressive strength of the substrate. For example, the
monitored strain at the substrate interface at week 11
for the patch repair with material L4 (Fig. 10, Table
3) is 154 microstrain. A value of Esub  23:8 kN=
mm2 at Lawns Lane Bridge gives a compressive
stress in the substrate (interface) of 3:67 N=mm2. The
compressive strength of the substrate concrete was
42 N=mm2.
The restraint to the free shrinkage of the repair
provided by the substrate will result in maximum ten-
sile stress in the repair material at the interface, redu-
cing gradually towards the free face of the repair patch
Table 5. Tensile strain (virtual) and stress in the repair material due to restrained shrinkage
Bridge Material Free shrinkage at
week 11:
microstrain
Elastic modulus Erm:
kN=mm2
Location Strain at week 11:
microstrain
Strain (virtual):
microstrain{
Tensile stress:
N=mm2{
L2 136 30´3 `subs' 120 ÿ16 0´5
`steel'/`emb' 7 ÿ129 3´9
Lawns L3 210 27´4 `subs' 107 ÿ103 2´8
Lane `steel'/`emb' 45 ÿ165 4´5
L4 238 29´1 `subs' 154 ÿ84 2´4
`steel'/`emb' 42 ÿ196 5´7
Gunthorpe G1 329 31´1 `subs' 92 ÿ237 7´4
`steel'/`emb' ÿ9 ÿ338 10´5
 Modified by applying correction factors for volume/surface ratio, temperature and humidity differences between the field repair patch and
laboratory test data.
14
{ Due to restrained shrinkage of the repair material at the substrate interface and at the reinforcement interface.
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(Fig. 13(d)). The tensile stress leads to creep and con-
sequent relaxation of the tensile stress (Fig. 13(e)).
External-load-transfer stage (weeks 25 to 47, Zone
3). Figure 13(f) shows that the externally applied
load to the structural member is attracted into the
repair patch at the end of the steady-state period
(week 25). This transfer may, in due course, neutra-
lize the residual tensile stress in the repair material
Fig. 13. Schematic redistribution of shrinkage and external-load-transfer strains to the repair patch of a compression member
(Erm . Esub) (RM, repair material): (a) section through substrate before deteriorated concrete removed; (b) section through
substrate after deteriorated concrete removed; (c) repair material applied and shrinkage takes place (weeks 0 to 11); (d)
idealized redistribution of shrinkage strain (weeks 0 to 11); (e) repair material undergoes tensile creep resulting in stress
relaxation (weeks 0 to 11); ( f ) repair material stabilizes after shrinkage and creep (weeks 11 to 25) and attracts externally
applied load (weeks 25 to 47); (g) idealized transfer of external compression from substrate which neutralizes tensile stress in
repair material (weeks 25 to 47)
Stress in substrate due to external loading
External loading
Substrate
External loading
(a) (b)
Substrate RM
shrinkage
Proportion of free shrinkage
strain transferred to substrate
External loading
Free shrinkage
in repair material
Substrate RM
(zone of
 influence)
Depth of substrate
‘subs’ strain
External loading
Shrinkage strain
in repair material
Shrinkage strain
transferred to substrate
Max. restraint to shrinkage
in repair material
(c) (d)
5
Substrate RM
External loading
(e)
Max. tensile stress
in material due to
restrained shrinkage Tensile-stress
relaxation
External loading
(f)
Substrate
Stiffer repair material
attracts externally applied
load into the repair patch
RM
Substrate RM
External loading
(g)
Max. tensile stress
in material due to
restrained shrinkage
Compressive
stress from
external-
load
transfer
Neutralized
tensile stress
Tensile-stress
relaxation
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caused by restrained shrinkage, as shown in Fig.
13(g). The strain compatibility at the repair/substrate
interface during the load transfer stage means that a
measure of the load transferred to the repair interface
can be estimated from the difference between the
`subs' vibrating-wire gauge readings between weeks
25 and 47. These values were calculated from the
data listed in Table 3 and are given in Table 6. It is
clear from Table 6 that a higher modular ratio results
in greater external-load (strain) transfer into the repair
patch. Material L3 is an exception to this observation
owing to its very high creep characteristics.
The structural members of the bridges were repaired
in an unpropped state and, therefore, the external load-
ing was similar during and after repair. The fact that, in
the long term, load transfer occurs from the substrate to
the repair patch (without any change in external load-
ing) is a significant finding of this research and is due
to stress redistribution occurring as composite action
between the repair reinforcement and substrate is con-
solidated in the long term. Efficient composite action is
facilitated by good bond at the repair interface and by
the continuity provided by the steel reinforcement
which penetrates both the substrate and the repair
patch. The thickness of repair (140 mm) used is suffi-
ciently large to provide adequate embedment to the
reinforcement and, therefore, result in continuity and
load sharing with the substrate. Basic composite mech-
anics shows that repair materials with Erm . Esub are
more effective in attracting load from the substrate.
Rigorous theoretical analyses of the problem have been
carried out
15
to quantify the load transfer to the repair
patch. Repair patches with Erm , Esub do not show
effective external-load transfer from the substrate to the
repair.
8
Recommendations for selection of repair materials
The results presented in this paper show that the
basic repair material properties of elastic modulus,
shrinkage and creep have a dominant effect on the in-
service performance of a concrete repair. Satisfactory
bond between the repair and substrate is, of course, a
fundamental prerequisite to satisfactory performance.
The compressive strength of a repair material is rela-
tively unimportant. Current standards for repair materi-
al specifications such as BD27/86
1
and current
knowledge on the subject
16±18
lack adequate apprecia-
tion of these factors. For example, the repair materials
L2, L3 and L4 did not conform to the repair standard
BD27/86
1
but, nevertheless, performed perfectly satis-
factorily over the 60 week monitoring period. Current
practice for repair tends to recommend higher strength
of the repair material relative to the substrate, similar
elastic moduli of the two materials (Erm  Esub) and
lower shrinkage of the repair material.
16±18
The find-
ings of this research, however, show that if Erm  Esub
(i.e. m  1), the repair material is unable to transfer
shrinkage strains to the substrate concrete. This will
induce relatively high tensile stress in the repair materi-
al owing to restrained shrinkage, thereby increasing the
potential for cracking. The long-term transfer of exter-
nal load to the repair patch will also be ineffective if
Erm < Esub. For optimum performance of the repair it
is important that Erm is considerably greater than Esub.
It is also meaningless to recommend that the shrinkage
or creep of a repair material should bear any relation-
ship to the substrate.
16±18
The substrate concrete in
structures which undergo repair is usually quite old and
has attained dimensional stability, whereas the repair
material is new. For example, Gunthorpe Bridge, mon-
itored in this project, has been in service for 68 years.
Conclusions
The following conclusions are based on the results of
the in-service monitoring of repairs applied to two
highway bridges.
(a) There are four stages of strain (and consequently
stress) redistribution in spray-applied repair
patches (with Erm . Esub) to unpropped compres-
sion members:
(i) a shrinkage transfer stage (weeks 0 to 11)
(ii) steady state 1 (weeks 11 to 25)
(iii) an external-load-transfer stage (weeks 25 to
47)
(iv) steady state 2 (weeks 47 to 60).
(b) A repair material which has a greater elastic
modulus than the substrate concrete (Erm . Esub)
is able to transfer a proportion of its shrinkage
strain to the substrate concrete. This reduces the
restrained-shrinkage tension in the repair and
consequently reduces the risk of cracking.
(c) An optimum choice of Erm . 1:3Esub is recom-
mended from the field data to ensure a high
level of free-shrinkage transfer to the substrate
(. 88%), thereby reducing the risk of restrained-
shrinkage cracking to negligible levels.
(d ) A repair material with Erm . Esub, applied to a
compression member, will attract externally ap-
plied load into the repair patch in the long term.
(e) Relatively low creep characteristics of repair ma-
Table 6. Strain induced in the repair material (at interface)
due to external-load transfer (weeks 25 to 47)
Repair material m Eload transfer: microstrain
L2 1´27 180
L3 1´15 30{
L4 1´22 143
G1 1´10 91
 Eload transfer  E‘subs' week 47 ÿ E‘subs' week 25 (from Table 3).
{ Low external-load-transfer strain due to very high creep of material
L3.
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terials are desirable to ensure that Erm remains
greater than Esub so that effective redistribution
of external load to the repair patch can take
place in the long term.
( f ) Current standards for repair material specifica-
tions, e.g. BD27/86 of the Highways Agency,
have significant limitations.
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